Voltage sag is the major power quality problem and receives wide attention. Although wavelet analysis works well for detecting voltage sag features, the existence of noise can reduce the advantages of wavelet method or even make it ineffective. To solve the problem, the paper uses multi-scale wavelet information by multiplying the results of several scales, and then searches the local maxima from the product to find the transition moment of voltage sag. The proposed method can suppress the noise and improve the accuracy for detecting voltage sag features. Simulation result validates the effectiveness of the proposed method.
Introduction
With the wide application of computers and automatic controlled equipments in industry and social life, it requires better power quality, so power quality has received widespread concern by power utility and researchers. Among various power quality problems, voltage sag has been paid more and more attention. By the definition of Institute of Electrical and Electronics Engineers (IEEE) , voltage sag is the root mean square value of supply voltage declines to 90%~10% of rated voltage, duration of 0.5~30 cycles. Short circuit fault, starting of induction motor and transformer startup are the main causes of voltage sags. For power customers, voltage sag has gradually become the main power quality problem. Voltage sag can affect various electronic monitoring equipments, resulting in serious economic losses [1] [2] .
Present research works mainly focus on the detection of voltage sag features, disturbance source identification, classification of voltage sags, etc. As so far, several methods has been proposed to detect the features of voltage sag, such as RMS value evaluation, Peak value evaluation, Missing voltage technique, dq0 method based on instantaneous reactive power theory, etc [3] [4] .
Among various methods, wavelet method is good at dealing with transient signal, and it can accurately identify the start and end moment of voltage sag. However, when the measured signal contains serious noise, wavelet method becomes ineffective. To distinguish the mutation point of voltage sag from noise, the paper puts forward the comprehensive use of multi-scale wavelet information for voltage sag analysis.
Principle of Wavelet Analysis
For arbitrary function f∈L 2 (R), its continuous wavelet transform is:
Where f(t) is the signal to be analyzed, ψ(t) is a wavelet function, W f (a,b) is called wavelet transform coefficient, a is called scale factor, b is called translation factor [5] .
For arbitrary function f∈L 2 (R), its discrete wavelet transform is:
Where W f (m,n) is called discrete wavelet transform coefficient. According to wavelet theory, the wavelet transform can decompose signal to several different time-frequency zones, and obtains wavelet coefficients. In turn, the wavelet coefficients can be used to reconstruct signal components of different frequencies. Wavelet analysis can analyze the high-frequency component with short-time-window in small scale, and analyze low-frequency component with wide-time-window in large scale. This property is very important for dealing with transient non-stationary signal.
Defect of present voltage sag detection methods
For voltage sag analysis, wavelet method can get the fundamental voltage component in large scale, and get the abrupt change of voltage in small scale, so as to accurately locate the start and end moment of voltage sag. As shown in Fig. 1, signal x is a pure signal of 50Hz, and the middle 5 cycles has 60% voltage sag. When it samples 128 points per cycle for the signal, the start position of voltage sag is at 648th sampling point and the end position is at the 1288th sampling point. When using bior2.2 wavelet to decompose the signal to three scales, it is obvious that the highest frequency component xd1 shown in Fig.2 has two mutation points with large amplitude, and they are the start and end point of voltage sag, respectively. But when the signal contains white noise and the signal noise ratio (SNR) is 25dB, as shown in Fig.3 , it becomes impossible to find the mutation moment of voltage sag from xd1 shown in Fig.4 . In order to distinguish the voltage change caused by voltage sag from noise, the paper tries to use multi-scale wavelet information to improve the detection performance. In general, the wavelet coefficients of noise usually have large amplitude in small scale, but have small amplitude in large scale. However, the sharp transition is part of the signal, so its wavelet coefficients have relatively large amplitude in all scales. As a result, it can search the signal points that have relatively large amplitude in all high-frequency scales, and these points contain the sharp transition of voltage sag. Other points can be filtered as noise.
The paper puts forward a new method to detect the sharp transition of voltage sag signal, and it consists of the following steps.
(1) Perform multi-scale wavelet decomposition for the original signal to get wavelet coefficients of each scale, and then reconstruct the high frequency components in each scale.
(2) Multiply the high frequency component data of the same time in each scale, and get the product.
(3) Take the local modulus maxima of the product as the sharp transition point of voltage sag, and calculate the corresponding transition time.
Simulation results
For the voltage sag signal shown in Fig.3 , it contains 50Hz power signal and white noise, the SNR=25dB. The signal is decomposed to three scales using bior2.2 wavelet, and the three high frequency components are x d1 , x d2 and x d3 , respectively. After multiplying the three components, it gets the product signal y as shown in Fig.5 .
It could be seen that the noise is suppressed in signal, and the voltage sage transition points can be recognized. The start position of voltage sag is the 648th data point, corresponding to the time of 648×20ms/128= 98.1ms, and the error is 0. The end position of voltage sag is 1287th data points, corresponding to the time of 1287×20ms/128=201.1ms, and the error is only one data interval which is 20ms/128=0.12 ms. In order to detect the voltage sag characteristics when noise exists, the paper carries on integrated use of multi-scale wavelet information. The wavelet multi-scale analysis results at the same time are multiplied, and local modulus maxima in the product are used to determine the voltage sag time. This novel method can suppress the noise and improve the performance of the wavelet analysis method, effectively improve the accuracy of voltage sag characteristics detection.
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